The development of various technologies has led to the advent of a variety of deformable devices. Despite significant technological advancement in this area, it is still challenging to integrate different devices due to limitations such as substrate issues and differences among growth and deposition conditions. Creating an interconnection between two different devices currently requires the use of metallic wires/lines to build electrical connections. Here, we demonstrate a LEGO-like assembly of the free-standing film of individually operable components encapsulated in a polymer overcoat layer, leading to the production of an integrated architecture without additional electrical connections. The free-standing components are produced by the peeling-off process. The sticky nature of the polymer layer enables the construction of supercapacitor arrays and simple RLC circuits by interlocking the individual components. We expect that this approach will enable the fabrication of a variety of custom-built devices using a LEGO-like assembly method.
INTRODUCTION
Progress in various technologies that can release mechanical stress has enabled the production of various electronic circuits on non-conventional, deformable substrates including plastic, elastomeric rubber, fabric, paper and even human skin and living bodies. [1] [2] [3] [4] In general, these substrates can be easily deformed into a variety of shapes, even under small external forces. However, mechanical deformation leads to the formation of cracks in materials deposited on the substrate, deteriorating device performance and even leading to the fracture of the material or device layer. 5 There are two primary approaches to endure and release stress under mechanical deformation. The first approach is to use soft materials in device fabrication, including organic semiconductors, [6] [7] [8] carbon nanotubes 9, 10 and graphene. 11, 12 In addition, engineered polymers can be blended with such soft materials to achieve processability and further improve mechanical properties, as well as to compensate for some drawbacks and limitations of these technologies. For example, Someya and colleagues 7, 8 fabricated stretchable organic transistors using elastic conductors by blending carbon nanotubes with elastomeric rubber, achieving a superior conductivity of 100 S cm À1 under 100% stretching. The other promising approach is to fabricate specially designed structures that are able to endure an applied strain based on the concept of out-of-plane motion in thin layers and to apply them to elastomeric substrates. 13 Such specially designed structures are fabricated using general semiconductor processing techniques, followed by transfer printing on a desired substrate using an elastomeric stamp. This process of 'transfer printing' enables the fabrication of highly deformable structures and devices with rigid materials exhibiting high performance.
In this contribution, we demonstrate a novel assembly of freestanding, deformable electronic components into integrated electronic circuits. The assembly process is described in Figure 1 . The device fabrication begins with the deposition of metal electrodes on an SiO 2 wafer, followed by the formation of an active layer on the patterned electrodes. To produce a free-standing film, a polymer solution is applied over the entire substrate, as shown in Figure 1a for the case of carbon nanotube (CNT)-based supercapacitors. After the polymer overcoat is dried, the devices can be peeled off along with the polymer matrix, resulting in peelable and deformable devices (Figures 1b and  c) . This peeling-off process relies on the adhesion force between the metal layer and the mother substrate as well as the elasticity of the polymer matrix, as in transfer printing. 14 However, transfer printing mainly requires specialized wafers such as Si-on-insulator wafers or multistacked wafers. 15 Unlike transfer printing, this approach enables device fabrication using the very inexpensive and common SiO 2 wafer substrate. Additionally, this method requires neither an additional etching process to release the structures nor subsequent processes of inking, retrieving and transfer printing with a polydimethylsiloxane (PDMS) stamp. The polymer encapsulating the entire layout of the device during the peel-off process acts as a substrate and thus eliminates the need for an additional substrate. Moreover, the functionality of the polymer can be tuned by blending other functional materials exhibiting mechanical, electronic, optical and thermal properties, which could lead to a significant improvement in device performance or enable the development of a new class of functional devices.
In previous approaches, complex, multifunctional devices and their arrays are constructed in-plane according to a specific design determined in advance before the fabrication. In some cases, the fabricated objects or devices are fixed on the substrate with a layer of organic adhesives (epoxy resins or photocurable polymers). 16 In contrast, in the current approach, the stickiness of the polymer matrix is used to assemble various free-standing devices via simple stacking and subsequent pressing with fingers, allowing for the bottom-up assembly of these components into integrated architectures. This approach of utilizing the intermolecular stickiness of a polymer seems to be similar to the previous technique of laminating two elastomeric layers containing split pieces of a device. 17, 18 For example, in the case of an organic thinfilm transistor, source and drain electrodes were formed on an elastomeric layer, and then this layer was laminated against another substrate containing the remaining parts of the gate electrode, dielectric layer and organic semiconductor. These two layers adhered strongly to each other via the dehydration reaction between the silanol groups belonging to the two layers. This assembly concept can extend the concept of lamination to enable the integration of different devices that can be operable individually even before the lamination process, creating a more straightforward approach to the bottom-up assembly. Figures 1d and e describe the bottom-up device construction. The basic passive electronic components of the inductor, resistor and capacitor were fabricated as freestanding components via the fabrication steps explained above. The devices were arranged based on the intended application, with Figure 1d demonstrating how to assemble the different devices into an integrated circuit: a simple RLC series circuit. By following the arrows in panel d, the circuit shown in panel e can be easily fabricated. This demonstration holds out promise that users will be able to design and make circuits for their own purposes by assembling the individual circuit components.
EXPERIMENTAL PROCEDURES Mechanical properties
Three different metal layers of molybdenum (Mo), copper (Cu) and gold (Au) were formed on an SiO 2 /Si wafer (thickness of SiO 2 : 200 nm) using RF sputtering (Mo) or e-beam evaporation (Cu and Au). The adhesion force between each metal layer and the underlying SiO 2 layer on the Si wafer was evaluated with a scratch tester (J&L Tech, Ansan-si, Korea). In this study, a poly(vinyl alcohol) (PVA) layer was utilized. The aqueous PVA solution was prepared by dissolving PVA (Mw ¼ 89 000-98 000, 99 þ % hydrolyzed, Sigma Aldrich, St Louis, MO, USA) in deionized water at 90 1C for 3 h. Then, the solution was poured into a petri dish and dried overnight in an oven at 60 1C. The dried PVA film was easily detached after drying. To control the mechanical properties of the PVA layer, different amounts of phosphoric acid were added to the aqueous PVA solution. PVA films containing phosphoric acid (99.999%, Sigma Aldrich) were prepared using the same procedure. The mechanical properties of those PVA films were tested using an Autograph AGS-J500N universal testing machine (UTM) (Shimadzu, Kyoto, Japan). The adhesion of the PVA film to the metal layer was also measured using the UTM. For this experiment, PVA solutions containing different concentrations of phosphoric acid were poured on the SiO 2 wafers deposited with different metal layers (Mo, Cu and Au).
Peeling-off process
Growth of CNTs. The regions for electrode pads were defined on an SiO 2 /Si wafer via photolithography. A molybdenum (Mo) layer (thickness:B300 nm) and a bilayer catalyst (Al/Fe ¼ 10-20/1-5 nm) were sequentially deposited by RF sputtering and e-beam evaporation, respectively, followed by a lift-off process in an acetone bath. Vertically aligned multiwalled carbon nanotubes (MWNTs) were grown on the regions of patterned catalyst using a thermal chemical vapor deposition process. Before the growth of the MWNTs, the catalyst was annealed at the growth temperature of 650-800 1C under an Ar flow of 300 sccm. MWNTs were grown by flowing acetylene source gas (flow rate: 5-25 sccm) and a mixed carrier gas of hydrogen and argon (total flow rate: 300-600 sccm, H 2 /Ar ¼ 1:1 v/v). The morphology of the CNTs was observed using a JSM-7600F scanning electron microscope (JEOL, Tokyo, Japan).
Preparation of gel electrolyte. An aqueous PVA solution was prepared by dissolving 1 g of PVA in 10 ml of deionized water at 90 1C for 3 h. Phosphoric acid (0.8 g) was mixed with the aqueous PVA solution, yielding the gel electrolyte solution.
Fabrication of free-standing supercapacitors. Sufficient gel electrolyte solution was applied over the patterns of CNT grown on the wafer to cover the patterns. The gel electrolyte was dried overnight in an oven at 60 1C. After drying, the gel electrolyte film was peeled off the wafer, yielding free-standing supercapacitors. The infiltration of the gel electrolyte into the voids between CNTs was confirmed by scanning electron microscope.
Measurement of electrochemical performance. The precise masses of MWNTs were estimated using a Sartorius S2 microbalance (resolution 0.1 mg, Sartorius, Göttingen, Germany). Cyclic voltammetry (CV) curves were obtained in the Galvanostatic charge/discharge cycles were carried out at various current rates (1-5 A g À1 ) using a 660B electrochemical analyzer (CH Instruments, Austin, TX, USA). The specific capacitance of the supercapacitor (C sp ) was calculated from the results of galvanostatic charge-discharge tests using the following equation: 19
where i is the discharge or charge current, Dt is the discharge time, m is the mass of part of an MWNT electrode and DE is the potential window (0-0.8 V). Cycle performance was measured for up to 1000 cycles. After 1000 cycles, the supercapacitors were peeled off the wafer, and then the cycle performance of the peeled supercapacitors was measured over 1000 cycles. The current rate was 1.0 A g À1 .
Mechanical deformation. Mechanical deformation includes bending, folding and stretching. The influence of bending and folding on the electrochemical performance of supercapacitors was evaluated by CV. The CV measurements were carried out under bending and folding deformations. A repeated bending test was also performed using a customized automated bending stage. The bending curvature was R ¼ 1 cm. The galvanostatic charge-discharge tests were performed at a specific bending cycle and were used to calculate the specific capacitances after bending. The stretching test was performed using a custommade jig. The galvanostatic charge-discharge measurements were carried out with increasing applied strains up to 50%. The stretch and release test was repeated five times.
LEGO-like assembly
Supercapacitor array. Five peelable supercapacitors were fabricated separately and then assembled via the LEGO-like assembly method, yielding a supercapacitor array in which five supercapacitors are connected in series. A filmtype solar cell (PowerFilm, Ames, IA, USA) was used to charge the supercapacitor array. Solar cells were charged under controlled illumination for 100 s. After the illumination was turned off, the voltage of the supercapacitor was measured using a B1500A semiconductor device analyzer (Agilent, Santa Clara, CA, USA). The charged supercapacitor array was also used to turn-on a commercial green light-emitting diode (LED). The current-voltage characteristics of the LED were measured using the semiconductor device analyzer (Supplementary Figure S1) .
RLC simple circuits. Passive components, including a resistor, an inductor and a capacitor, were fabricated on the SiO 2 /Si wafer. Each device layout is presented in Supplementary Figure S2 . The patterns of the Mo and bicatalyst layers were formed via a photolithography, deposition and lift-off process. After the growth of the CNTs and the application of the gel electrolyte layer, the whole film containing the passive device was peeled off the wafer. The characteristics of each passive component were tested using a WaveJet 354A oscilloscope (LeCroy, Chestnut Ridge, NY, USA) by applying a sinusoidal voltage generated by a 33120A function generator (Agilent), as shown in Supplementary Figure S3 . High-pass and low-pass filters were fabricated with a peeled resistor and capacitor. Their transient responses to a square input were measured using the oscilloscope.
Measurement of contact resistance. Two polymer films containing Mo electrodes were prepared through a peeling-off process and then assembled. The resistance of the metal electrodes was measured using an Agilent 34401A multimeter, as shown in Supplementary Figure S4 .
RESULTS AND DISCUSSION
The mechanism of the peeling-off process can be explained in the following three ways. First, during the solidification of the solvent-cast polymer films, the films undergo drying-induced stress due to volume changes, 20 which could affect the underlying layer. Second, there is competition between the adhesion strengths at the two interfaces, between the polymer overcoat and the metal layer and between the metal layer and the substrate. The final factor is the mechanical properties of the dried polymer film. The adhesion strength between the metal layer and the underlying substrate was measured using a scratch test. Three different metal layers, including molybdenum (Mo), copper (Cu) and gold (Au), were formed on an SiO 2 wafer using RF sputtering (Mo) and an e-beam evaporation (Cu and Au).
The results of the adhesion tests are summarized in Supplementary  Table S1 . The mechanical properties of the dried polymer films were also measured using a UTM. PVA was used as a polymer layer because it is a water-soluble, non-toxic synthetic polymer with an excellent film-forming ability and excellent mechanical properties. 21 In this study, the mechanical properties of PVA were controlled by using phosphoric acid as a plasticizer agent. The addition of phosphoric acid to PVA leads to complexation with PVA molecules, decreasing the crystallinity of PVA. 22 These changes increase the flexibility of the resulting PVA films. Supplementary Figure S5 shows the strain-stress curves for the resulting PVA films. The pure PVA film exhibits a high tensile strength and Young's modulus, but it only exhibits elastic behavior at low levels of strain. Increasing the concentration of phosphoric acid in PVA films elongates the elastic regions and leads to decreases in the tensile strength and Young's modulus. These results indicate that PVA films with different mechanical properties can be prepared by controlling the dosage of phosphoric acid. To correlate these factors, PVA solutions containing different concentrations of phosphoric acid were poured onto the SiO 2 wafers deposited with different metal layers (Mo, Cu, and Au). After drying, a peeling test was performed. These results are summarized in Figure 2 . The x and y axes indicate the measured Young's moduli of the PVA films and the adhesion strengths of metals on the SiO 2 wafers, respectively. The colors indicate the force required to peel the PVA film with its underlying metal layer from the SiO 2 wafer. As anticipated, complete peeling was achieved easily when the polymer overcoat had a high Young's modulus and the adhesion strength between the metal layer and the SiO 2 wafer was low. Previously, the gold layer was detached due to the weak adhesion of the gold layer to the wafer and the application of a chemical adhesive (thiol-terminated molecule) between the gold layer and the PDMS stamp. 23 Note that metal layers with high adhesion can be peeled off by controlling the mechanical properties of the polymer layer. The dotted circles in Figure 2 indicate the conditions under which the PVA overcoats with underlying metal layers were freely detached after drying. This Figure 2 The mechanism for the fabrication of peelable components. The x and y axes show the Young's modulus of PVA films and the adhesion strength between the metal layer and the SiO 2 wafer, respectively. The color index on the right side indicates the adhesion force between the metal layer encapsulated by PVA film and the SiO 2 wafer. The inset presents schematic illustrations describing the measurements of each value. The unit of adhesion is the Newton (N).
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phenomenon is only observed when the Young's modulus of the dried PVA film is high. This free detachment is attributed to the contribution of drying-induced stress in the PVA film. This stress is related to the physical properties of polymer films including the Young's modulus 20 and the glass transition temperature. 24 Croll 20 reported the relationship between the Young's modulus of a polymer and the stress developed during the drying process. The drying stress increases with an increasing Young's modulus of the polymer and a decreasing volume fraction of retained solvent in the film. Dried, pure PVA film exhibits a high elastic modulus (Supplementary Figure S5) and has little water content. Considering the relationship proposed by Croll, 20 a pure PVA film is expected to generate the highest drying stress compared with other PVA films containing phosphoric acid. Phosphoric acid decreases the glass transition temperature of the polymer due to the plasticization effect, 22 leading to a decrease in the drying-induced stress. 24 The drying stress also increases significantly when most of the water in the polymer film, generally 80-90%, is evaporated. 24 Therefore, the presence of a large amount of water in the PVA film with phosphoric acid also prevents the generation of stress.
Using this peeling-off technique, we demonstrate the fabrication of a peelable, deformable energy storage device. We select CNT-based supercapacitors due to their importance as energy storage devices together with lithium ion batteries. The fabrication of the freestanding supercapacitor is illustrated in Supplementary Figure S6 . First, regions for electrode pads were formed on the SiO 2 wafer via general photolithography. A molybdenum (Mo) layer (B300 nm thick) was sputtered. The electrode pads were formed after a lift-off process in an acetone bath. These pads connect supercapacitors with a galvanostat/potentiostat apparatus for the evaluation of device performance or with other devices such as energy-harvesting devices and light-emitting diodes. They also serve as current collectors similar to the typical two-electrode configurations for stacked supercapacitors. In this work, we fabricated the planar supercapacitors such that their two electrodes faced each other in-plane. Especially for planar supercapacitors, nanomaterials with a large specific surface area should be utilized as electrode materials to ensure efficient use of the limited substrate area. 25, 26 We constructed electrodes with the comb-like geometry that is commonly used in planar supercapacitors. 25, 26 Next, the Al/Fe bilayer catalyst was formed on the wafer using an e-beam evaporator. Then, vertically aligned MWNTs were selectively grown on the catalyst pattern through a chemical vapor deposition process with acetylene carbon source gas and mixed carrier gases (Ar and H 2 ) at 650-800 1C. The onedimensional structure of CNT arrays can significantly increase the total surface area of the electrode, providing ions with accessible surfaces. After growth, an aqueous gel electrolyte solution containing phosphoric acid and PVA was poured over the wafer with grown CNTs. Subsequently, the gel electrolyte was dried in an oven at 60 1C. The gel electrolyte fully infiltrated into the voids between carbon nanotubes (Supplementary Figure S7) to encapsulate the entire planar supercapacitors composed of CNT electrodes and electrode pads. This complete wetting of the electrode materials with the gel electrolyte increased the effective surface area to which ions are accessible, producing supercapacitors with a high specific capacitance. 27 After drying, the edge of the gel electrolyte layer was grabbed with standard tweezers and then the layer was mechanically peeled off from the wafer. The entire planar supercapacitors were also peeled off along with the gel electrolyte layer. Note that the peeling-off process demonstrated in this study can be used to fabricate a free-standing, independently operable device. Figure 3 presents the electrochemical properties of the resulting peelable supercapacitors. We compared the electrochemical performance of supercapacitors fabricated on an SiO 2 wafer (hereafter, we refer to this device as a planar supercapacitor) with that of peeled, free-standing supercapacitors. First, planar supercapacitors were fabricated by pouring the gel electrolyte on the patterned MWNT electrodes, followed by drying. The electrochemical performance of these devices was characterized by CV, galvanostatic charge/discharge and cycle performance. Figure 3a presents a picture of supercapacitors in the process of being peeled off the wafer. After evaluation, the supercapacitors were peeled the substrate to obtain the peeled, freestanding supercapacitors. The CV curves were obtained in the voltage range from 0 to 0.8 V at a scan rate of 100 mV s À1 . Figure 3b compares the CV curves of the planar supercapacitors with those of the resulting peeled supercapacitors. The peelable supercapacitors exhibit a CV curve highly similar to that of the planar supercapacitors. These results confirm that the peeling-off process does not affect the supercapacitive behavior of our devices. This fact can also be observed from the galvanostatic charge-discharge curves of the two supercapacitors. Supplementary Figure S8a presents the galvanostatic charge-discharge behavior of these devices at an increasing current rate from 1 to 5 A g À1 . For the planar supercapacitors, the voltage drop at initial discharge was 13.6 mV at a current density of 1 A g À1 Figure S8b) , indicating very low equivalent series resistance; for the peelable supercapacitors, the drop was 17.2 mV (Supplementary Figure S8c) . The specific capacitances of these supercapacitors (C sp ) were calculated from the results of the galvanostatic charge-discharge tests at different current densities; these results are presented in Supplementary Figure S9 . At a current density of 1 A g À1 , planar supercapacitors exhibited a specific capacitance of 89 F g À1 , whereas the peelable supercapacitors yielded a specific capacitance of 101 F g À1 . This increase can be related to the activation of the electrode with repeated charge-discharge cycles. 28 In addition, we evaluated the cycle performance, which is a main characteristic of supercapacitors, at a current density of 1 A g À1 . The cycle test for planar supercapacitors was performed by conducting 1000 charge and discharge cycles. After 1000 cycles, the planar supercapacitors were peeled off the wafer to fabricate peelable supercapacitors. The test was resumed for another 1000 cycles. The specific capacitances were plotted as a function of cycle number, as shown in Figure 3c . The results indicate that both the planar and peelable supercapacitors have excellent cycle characteristics. The effect of mechanical deformation on the electrochemical performance of peelable, free-standing supercapacitors was also investigated. Mechanical deformation includes bending, folding and stretching. The flexible nature of the gel electrolyte film enables the supercapacitors to be bent, folded and stretched, as shown in Supplementary Figure S10 . The demonstration used glass tubes (R ¼ 3.3 and 8.7 mm) and a glass slide (thickness ¼ 1.1 mm). In addition, the stretchability of the supercapacitors was tested using a jig modified from a clamp. Figure 3d presents the CV curves for peelable supercapacitors under bending and folding deformations. All measurements were performed in the deformed state. Under bending, the CV curve remained unchanged. Folding caused a slight change in the CV curves, but releasing the mechanical deformation restored the CV curve to its original state. These results show that such deformations hardly affect the device performance. To observe changes in device characteristics resulting from repeated bending, the galvanostatic charge-discharge test was carried out after the bending test. The bending test was performed using a customized automated bending stage. The bending curvature was R ¼ 1 cm. After bending, the specific capacitances were calculated from the results of the galvanostatic charge-discharge test. As shown in Figure 3e , the peelable, free-standing supercapacitors exhibited a nearly constant specific capacitance, even after 10 000 cycles of the bending test. The galvanostatic charging and discharging behaviors were measured under different applied tensile strains, and the corresponding specific capacitances were calculated. The results are plotted in Figure 3f . Stretching with a strain below 10% dropped the capacitance to B90%. Further elongation slowly decreased the specific capacitance. At 50% strain, B93% of the initial specific capacitance was retained. Strain relaxation restored B99% of the initial specific capacitance and B95% of the original dimensions. The reversibility of this stretchability was also investigated by repetitive stretching and release. After four cycles of stretching and release, both the specific capacitance and dimensions of the supercapacitors were stabilized. These behaviors are attributed to the restructuring of the nanostructure in the film with Fabrication of custom-built devices S Lee et al stretching. 17 After the first deformation, the inner structures can be stabilized so that the properties of the supercapacitors remain unchanged. The presence of phosphoric acid in the PVA film caused the formation of gel-like PVA networks, which yielded a slightly elastic film and consequently provided limited stretchability to the peelable, free-standing supercapacitors. The application of this stress-releasing structure 29 and the modification of the physicochemical properties of the polymer layer could increase the stretchability.
PVA is inherently sticky, 30 and its stickiness increases in the presence of water molecules, as water is a ubiquitous plasticizer that lowers the glass transition temperature of the polymer, thus increasing the stickiness. 31 Phosphoric acid also functions as a plasticizer for PVA 22 and leads PVA to hold large amounts of water inside the network, increasing the stickiness of PVA films containing phosphoric acid. This stickiness can have the same role as that of the silanol groups that combine two layers of elastomers in the lamination process. 17, 18 This study shows that this stickiness can be used to assemble individual peeled, free-standing electronic components into an integrated circuit. Five free-standing supercapacitors were fabricated using the peeling-off process. These supercapacitors were assembled using the sticky nature of the film. Figure 4a shows the array of supercapacitors that were connected in series. This array is robust and can endure mechanical deformation such as twisting. Additionally, this supercapacitor array can be charged with solar cells. Figure 4b shows the charging and discharging voltage profiles of the supercapacitors. Solar cells generate electrical current, which simultaneously charges the supercapacitors. The supercapacitors are fully charged after charging for B100 s, producing an output voltage of B3.2 V. Fully charged, integrated supercapacitors can turn-on a commercial LED, as shown in the inset of Figure 4b . This demonstration utilized a commercial green LED (a turn-on voltage of B2.8 V was obtained from I-V curve shown in Supplementary Figure S1 ). An LED consumes less electricity than other electrical loads. Using the LEGO-like assembly method developed here, the total capacitance and output voltage of the energy storage device (supercapacitors) can be modulated by varying the number of supercapacitors and the design of the series and parallel circuits, enabling these integrated energy storage devices to meet the requirements of various electrical loads including LED arrays or other devices.
This concept can also be used to fabricate electronic circuits from individual electronic components. Individual passive electronic components such as resistors, inductors and capacitors were fabricated on the SiO 2 wafer. The peeling-off process was used to prepare the corresponding free-standing components. These components can be assembled to make a simple RLC circuit. When a sinusoidal voltage was applied to a passive electronic component, as schematically shown in Supplementary Figure S3a , the resistor yielded a decreased current (Supplementary Figure S3b) , whereas the inductor and capacitor led to phase shifts in the output current, as shown in Supplementary Figures S3c and S3d , respectively. These results indicate that the peeled RLC components work well under an alternating current field. High-and low-pass filters can be constructed using these components. The first-order high-and low-pass filters consist of the peeled resistor and capacitor, which are shown in Figures 4c and d. A circuit in which an input voltage is applied to the capacitor first and in which the output voltage is taken across the resistor (which is connected in series with the capacitor) acts as a high-pass filter (differentiator). The reverse arrangement produces a low-pass filter (integrator). In these experiments, an alternating current voltage with 2 V of amplitude was applied, and its frequency was 50 kHz. The high-pass filter transformed the square wave input signal to a spike-shaped waveform (Figure 4c , lower graph), whereas the low-pass filter generated a wave-shaped waveform from the same input signal (Figure 4d, lower graph) .
CONCLUSION
In conclusion, the peeling-off process and LEGO-like assembly demonstrated here provide an alternative methodology to produce deformable devices. Unlike conventional approaches, this methodology does not require specially designed expensive wafers, an etching process or adhesives to adhere devices or architectures to the substrate. Additionally, the polymer layer used in this demonstration can be formulated with functional materials, which could improve the device performance and create new classes of devices. The technique developed here enables the fabrication of peelable, free-standing supercapacitors that are mechanically deformable, and it also allows for the integration of these individual free-standing components into an integrated circuit, providing the opportunity to fabricate customized devices using pre-fabricated components. We expect that more complex, multifunctional circuits or architectures could be fabricated by applying the peeling-off process to various components, including diodes, transistors and their integrated circuits.
